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Abstract We study cosmological dynamics of a gen-
eralized Higgs inflation. By expanding the action up
to the second and third order in the small perturba-
tions, we study the primordial perturbation and its
non-Gaussian distribution. We study the non-Gaussian
feature in both the equilateral and orthogonal config-
urations. By adopting a quartic potential, we perform
a numerical analysis on the model’s parameter space
and compare the results with Planck2015 observational
data. To obtain some observational constraint, we fo-
cus on the self-coupling and the non-minimal coupling
parameters. We show that, in the presence of the non-
minimal coupling and the Galileon-like interaction, the
self-coupling parameter can be reduced to the order of
10−6 which is much larger than the value that CMB
normalization suggests for this self-coupling.
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1 Introduction
Cosmological inflation is a part of the cosmic history
related to a homogeneous and isotropic FRW universe
that expands almost exponentially (a nearly de-Sitter
universe) at very early stage of the universe evolution.
The simplest model of inflation is the one in which a sin-
gle scalar field with the almost flat potential runs the
cosmic inflation. The theory of inflation is successful
to address some problems of the standard cosmological
model as well as to provide the initial density pertur-
bations seeding the large scale structures (Guth 1981,
Linde 1982, Albrecht and Steinhardt 1982, Linde 1990,
Liddle and Lyth 2000, Lidsey et al. 1997, Rioto 2000,
Lyth and Liddle 2009). The nearly scale invariant, adi-
abatic and Gaussian distribution of the perturbations
modes is one of the notable predictions of the simple
single field inflation (Maldacena 2003). However, by
proposing some extended models of inflation and con-
sidering the non-linear perturbations, it is possible to
predict some level of non-Gaussianity of the primordial
perturbations (Maldacena 2003, Bartolo et al. 2004,
Babich et al. 2004, Seery and Lidsey 2005, Cheung et
al. 2008, Chen 2010, De Felice and Tsujikawa 2011a,
De Felice and Tsujikawa 2011b, De Felice et al. 2011,
Nozari and Rashidi 2012, Nozari and Rashidi 2013a,
Nozari and Rashidi 2013b, Nozari and Rashidi 2014,
Nozari and Rashidi 2016a, Nozari and Rashidi 2016b,
Nozari and Rashidi 2017). So, it is reasonable to expect
a level non-Gaussianity in future observation.
The discovery of Higgs as a fundamental particle in
electro-weak symmetry breaking has significant impli-
cation in particle physics and cosmology. Regarding
this fact that most of the inflation models require a
scalar field (inflaton) to explain the accelerating ex-
pansion of the early universe, there is a possibility
that Higgs field to be a good candidate for the infla-
ton (See for instance Barbon and Espinosa 2009, Cal-
met et al. 2017 and references therein). However, when
2the Higgs field is minimally coupled to the gravity, its
self-coupling is too large to achieve the slow-roll infla-
tion. Actually, to suppress the amplitude of the curva-
ture perturbation (which should be much smaller than
the Planck scale), we need to reduce the self-coupling
of the Higgs field. To this end, some extensions of
the Higgs inflation model have been proposed. One
of these extensions is the model in which the Higgs
field is non-minimally coupled to the gravity sector of
the theory. In this model, a large amount of the non-
minimal coupling parameter effectively suppresses the
self-coupling of the Higgs field (Futamase and Maeda
1989, Salopek et al, 1989, Fakir and Unruh 1990, Kaiser
1995, Tsujikawa and Gumjudpai 2004, Bezrukov et al.
2009, Bezrukov and Shposhnikov 2008, Bezrukov and
Shposhnikov 2009, Barvinsky et al. 2009, Watanabe
2011). Unfortunately, it seems that the non-minimal
model violates the unitarity bound (Burgess et al. 2009,
Lerner and McDonald 2010, Germani and Kehagias
2010).
It should be mentioned that the loop corrections are
all small compared to the tree level amplitude and since
the inflationary energy scale is always much below the
scale of unitarity violation (to get constraint λ≪ 1), it
is not needed to worry about the stability of inflationary
model in this context (see Germani and Kehagias 2010,
Calmet and Casadio 2014 for more details).
Another extension of the Higgs inflation is the new
Higgs inflation model which relies on the non-minimal
derivative coupling between the scalar field and Ein-
stein tensor (Amendola 1993). By this coupling, since
the normalization of the inflation field is changed, the
magnitude of the Higgs self-coupling could be lower
than its experimental bound.
Also in this case, due to presence of the non-
renormalizable operator in the new Higgs inflationary
action the time dependence unitarity bound is set. By
requiring the scale of curvature that is much lower than
the unitarity bound, we impose Hubble parameter scale
below the Planck scale. Therefore, this postulated cou-
pling is free of unitarity bound during inflation (Barbon
and Espinosa 2009, Germani and Kehagias 2010, Atkins
and Calmet 2011).
Another approach is the running kinetic inflation
model in which the non-canonical kinetic term changes
the normalization of the Higgs field and smoothes the
general steep potential (Takahashi 2010, Dimopoulos
and Thomas 2003).
The phenomenological features of the running ki-
netic inflation have been studied in (Nakayama and
Takahashi 2008) with details. Higgs-G inflation also, is
an extension of the standard Higgs inflation which in-
corporates the higher order derivatives of the scalar field
(Kobayashi et al. 2010, Kamada et al. 2011). In the
Galileon model the Lagrangian is formulated in a such
way that the field equations are invariant under the
Galileon symmetry ∂µϕ → ∂µϕ+ aµ in the Minkowski
limit of the theory (Nicolis et al. 2009, De Felice and
Tsujikawa 2012). Note that, the expressionX✷ϕ which
is introduced as the Galileon term, emerges in the DGP
model as a consequence of the combination of a brane-
bending mode and a transverse graviton (Deffayet et
al. 2002, Porrati 2002, Luty et al. 2003). By adding
the Galileon term to the theory, the potential essen-
tially becomes flat and the quantum fluctuations are
suppressed.
In this paper, we consider another class of the gen-
eralized Galileon Higgs inflation which is a subclass of
the most generalized scalar-tensor theory (Deffayet et
al. 2011, Charmousis et al. 2012). Considering that
the chaotic inflation is not confirmed properly by the
observational data (Komatsu et al. 2010, Amsler et al.
2008), it is interesting to adopt the quartic potential
and make the theory observationally viable (Germani
and Kehagias 2010).
By considering an inflation model with the Galileon
effect, enhanced kinetic term and non-minimal coupling
between the Higgs filed and both the scalar and tensor
parts of the gravity, we try to reduce the self-coupling of
the Higgs sector. In doing so, we preserve also the cos-
mological viability of the setup. Actually the energy
scale of the Higgs self-coupling constant, λ, is in the
interval 0.11 < λ < 0.27. From the CMB normaliza-
tion, λ is constrained to be of the order of 10−13 (Liddle
and Lyth 2000)- the scale that Higgs boson can’t reach.
However, by considering an inflation model with the
Galileon effect, enhanced kinetic term and non-minimal
coupling between the Higgs field and both the scalar
and tensor parts of the gravity, we try to reduce the
energy scale (self-coupling) of the Higgs sector. As we
shall see, by considering this extended model, we are
able to reduce the energy scale of the Higgs self-coupling
constant, λ, from interval 0.11 < λ < 0.27 to less than
10−6. So, in this paper, our aim is to reduce λ by con-
sidering the Galileon-like and non-minimal effects and
keeping the observational viability of the model’s pa-
rameters. In this regard, by decreasing the order of λ
and approaching the energy scale of the inflation era,
the Higgs field can be considered to be an inflaton. We
note that the negative values of λ are possible in essence
and at least theoretically. However, in this case infla-
tion never happens which is out of our interest in this
paper.
With these explanations, in section 2, we introduce
the generalized Higgs G-inflation model and the action
of the theory. In section 3 we study the background
3dynamics of the model. In section 4, by adopting the
ADM formalism, we expand the action up to the second
and third orders of the perturbations. In this section we
obtain the scalar and tensor spectral index of the pri-
mordial perturbations. We also study the non-Gaussian
feature of the perturbations in both equilateral and or-
thogonal configurations. After that, in section 5 we
perform a numerical analysis on the model’s parameter
space and compare the results with Planck2015 data
set. In this regard, we obtain some constraints on the
model’s parameters.
2 Generalized Higgs G-Inflation Model
By detecting the Higgs boson in Large Hadron collider
(LHC) experiment in Geneva (Chatrchyan et al. 2012,
Aad et al. 2012), many efforts have been made to con-
struct the inflation models where the Higgs boson acts
as an inflaton. In this respect, the following Lagrangian
is devoted to Higgs boson in the absence of gravity
LH = −DµH†DµH− λ
(H†H− υ2)2 , (1)
where Dµ is the covariant derivative corresponding to
the SM gauge symmetry. H is the Higgs boson and υ ∼
246 GeV is its expectation value. Since the parameter
υ is very small compared with the Higgs field during
inflation era, we can safely eliminate this parameter.
Also, we concentrate on the radial part of the Higgs
boson, φ ∼
√
2H†H, and ignore the contributions of the
gauge sectors of the SM (Germani et al. 2014). In this
regard, in the presence of the gravity, the Lagrangian
of the Higgs model takes the following form
L = m
2
pl
2
R− 1
2
∂µϕ∂
µϕ− λ
4
ϕ4 . (2)
Unfortunately, due to the large value of the Higgs self-
coupling, this model in not viable (Bezrukov and Sha-
poshnikov 2008). Therefore, it seems reasonable to fo-
cus on the generalized G-inflation models. The action
of the generalized G-inflation is written as
S =
4∑
i=2
∫
d4x
√−gLi , (3)
where g is the determinant of the metric gµν and
L2 = K(ϕ,X) , (4)
L3 = −G3(ϕ,X)✷ϕ , (5)
L4 = G4(ϕ,X)R+G4,X
[
(✷ϕ)2 − (∇µ∇νϕ)2
]
. (6)
In the above equations, R = 6(H˙ + 2H2) is the Ricci
scalar, K and Gi are arbitrary functions of ϕ and
X = −(12 )gµν∇µϕ∇νϕ. We define Gi(ϕ,X) = gi(ϕ) +
hi(ϕ)X . In fact, in this definition we have expanded
Gi(ϕ,X) as Gi(ϕ,X) = gi(ϕ) + hi(ϕ)X + ki(ϕ)X
2 +
li(ϕ)X
3+... and just kept the terms up to the first order
in X and ignored the higher order ones. We also have
✷ ≡ gµν∇µ∇ν (the standard d’Alembertian operator).
This theory has been originally found by Horndeski in a
different form (Horndeski1974). This generalized model
consists of the running kinetic term, the Galileon inter-
action, the non-minimal coupling and the non-minimal
derivative coupling of the scalar field and gravity. We
adopt the arbitrary functions K(ϕ,X) and Gi(ϕ,X)
as1
K(ϕ,X) = K(ϕ)X − V , (7)
G3(ϕ,X) = γ(ϕ)X , (8)
G4(ϕ,X) =
1
2
(m2pl + ξϕ
2) +
1
2µ2
X , (9)
where ξ is a dimensionless non-minimal coupling pa-
rameter, γ(ϕ) is a dimensionless function of the Higgs
field and µ is a mass scale. The function G3 in equa-
tion (8) has been chosen in the way that we cover the
coupling between the scalar field, kinetic term and the
second-order derivatives of the scalar field (Galileon
gravity). Also, in equation (9), the minimal and non-
minimal coupling of the gravity with the scalar field
and the coupling between the gravity and derivatives
of the field have been considered. Note that, if we set
K = 1, G3(ϕ,X) = 0 and G4(ϕ,X) = m
2
pl
2 , then the
standard Higgs inflation is recovered.
3 The Background Dynamics
To derive the background equations of the model, we
consider the FRW background specified by the metric
1Note that, in the running kinetic inflation model, rapid growth
of the kinetic term at large values of inflaton field causes the
potential to be flat. In fact, in paper (Nakayama and Takahashi
2008) it has been discussed that the coefficient of the kinetic term
is not necessarily unity. Actually, when the inflaton rolls over a
large scale in high-scale inflation model, this coefficient is not
close to 1. In this regard, to cover this issue, it is appropriate to
consider the general kinetic term in the action of the model.
4ds2 = −dt2+a2(t)δijdxidxj . By varying action (3) with
respect to the metric, we find the following Friedmann
equations
H2 =
ρϕ
3m2pl
, H˙ = −ρϕ + pϕ
2m2pl
, (10)
where the energy density and the pressure of the scalar
field are defined as
ρϕ =
1
2
ϕ˙2
[
K + 6γ Hϕ˙
m2pl
+ γ,ϕ
ϕ˙2
m2pl
+
9
µ2
H2
m2pl
+12ξ
Hϕ
ϕ˙
+ 6ξ
H2ϕ2
ϕ˙2
]
+ V , (11)
pϕ =
1
2
ϕ˙2
[
K − γ,ϕ ϕ˙
2
m2pl
− 2γ ϕ¨
m2pl
− 4
m2pl
(
Hϕ¨
µ2ϕ˙
)
− 1
m2pl
(
3H2 + 2H˙
µ2
)
+ 4ξ + 2
(ξϕ2
ϕ˙2
− 1)(3H2 + 2H˙)
+4m2plξϕ
( ϕ¨
ϕ˙2
+
2H
ϕ˙
)]
− V , (12)
respectively. The equation of motion, obtained by vary-
ing the action (3) with respect to ϕ(t), is given by
1
a3
d
dt
(a3J) = Pϕ , (13)
where
J ≡ ϕ˙(K + 3
µ2
H2) + 3γHϕ˙2 − γ,ϕϕ˙3 , (14)
and
Pϕ = −V ′ − 1
2
ϕ˙2
(
2γ,ϕϕ¨+ γ,ϕϕϕ˙
2 − 2ξϕ
ϕ˙2
R
)
. (15)
By substituting equations (14) and (15) into the equa-
tion (13) we get
ϕ¨
(
K + 6γHϕ˙+ 3
µ2
H2 − 2γ,ϕϕ˙2
)
+ 3Hϕ˙
(
K + 3γHϕ˙
+
3
µ2
H2
)
+
1
2
ϕ˙
(
K,ϕ + 6γH˙ − γ,ϕϕϕ˙2
)
−6ξϕ(2H2 + H˙) + V ′ = 0 . (16)
The slow-roll conditions in this setup are as follows
ϕ˙2 ≪ V (ϕ), | ϕ¨ |≪| Hϕ˙ |, | K˙ |≪| HK |,
| g˙i(ϕ) |≪| Hgi(ϕ) |, | h˙i |≪ Hhi(ϕ) . (17)
By considering the slow-roll conditions, the Ricci scalar
becomes
R ≃ 1[
m2pl + ξ(1 + 6ξ)ϕ
2
] [4V (ϕ) + 6ξϕV ′] . (18)
Also, the main background equations within the slow-
roll limits take the following form
H2 ≃ V
3(m2pl + ξϕ
2)
, (19)
3Hϕ˙
(
K + 3Hϕ˙γ + 3
µ2
H2
)
− ξRϕ ≃ −V ′ . (20)
From equation (20) we see that in the generalized G-
inflation the friction term is enhanced. By using equa-
tions (19) and (20) we can derive dϕ
dN
≡ ϕ˙
H
as follows
dϕ
dN
=
ϕ˙
H
≃
− 2V
′
eff
Y
(
K + ( 1
µ2
)Y +
√
(K + ( 1
µ2
)Y )2 − 4γV ′eff
) , (21)
where
V ′eff ≡
1
(m2pl + ξ(1 + 6ξ)ϕ
2)
[− 4ξϕV (ϕ) + (m2pl + ξϕ2)V ′] , (22)
Y ≡ V
(m2pl + ξϕ
2)
, (23)
and N = ln a is the number of e-folds parameter. If
the expression in the bracket of equation (22) to be
small compared with the denominator, we have slow-
roll inflation even with a steep potential.
The slow-roll parameters in our setup are obtained
as follows
α =
g˙4(ϕ)
Hg4(ϕ)
≃ V ′eff ×(
−4ξϕV −1
K + ( Y
µ2
) +
√
(K + ( Y
µ2
))2 − 4γV ′eff
)
; α≪ 1 (24)
ǫ = − H˙
H2
≃ V −1Y −1 ×(
V ′2eff
K + Y
µ2
+
√
(K + ( Y
µ2
))2 − 4γV ′eff
)
− α
2
; ǫ≪ 1 (25)
η ≃ ǫ − 1
2ǫ
(
dǫ
dN
); η ≪ 1 (26)
5where
dǫ
dN
=(
−2Y −1V ′eff
K + ( 1
µ2
)Y +
√
(K + ( 1
µ2
)Y )2 − 4γV ′eff
)
dǫ
dϕ
, (27)
and
ζ =
J˙
HJ
≃
ǫ−
(
V ′′effY
−1
K + Y
µ2
+
√
(K + Y
µ2
)2 − 4γV ′eff
)
; ζ ≪ 1 . (28)
The number of e-folds during inflation which is given
by
N =
∫
Hdt =
∫
H
ϕ˙
dϕ , (29)
in the generalized G-inflation model takes the following
form
N ≃∫ −2γY(
K + Y
µ2
+
√(K + Y
µ2
)2 − 4γV ′eff
)dϕ . (30)
4 Perturbation and Non-Gaussianity
In this section, we study the perturbations in our setup.
To study the tensor and scalar parts of the perturba-
tions we should expand the action up to the second
order. We work in the unitary gauge (δϕ = 0) and
adopt the ADM formalism with the following metric
(Baumann 2009, Mukhanov 1992)
ds2 = −N2dt2 + γij(dxi +N idt)(dxj +N jdt) , (31)
where N and N i are the lapse and shift functions. In
metric (31) we have the following definition
N = 1 + 2Φ, Ni = δij∂
jB,
γij = a
2(t)(1 + 2Ψ)(δij + hij) . (32)
Φ,Ψ, and B are the scalar perturbations and hij is
the spatial shear 3-tensor. Now, we rewrite the per-
turbed metric up to the linear level as (Baumann 2009,
Mukhanov 1992)
ds2 = −(1 + 2Φ)dt2 + 2a2(t)B,idxidt
+a2(t)(1 + 2Ψ)(δij + hij)dx
idxj . (33)
By considering the scalar part of this metric, we ex-
pand the action (3) up to second order in the small
perturbations and get
S2 =
∫
dtd3xa3
{
− 3
(
(m2pl + ξφ
2)− X
2µ2
)
Ψ˙2
+
1
a2
[
2
(
(m2pl + ξφ
2)− X
2µ2
)
Ψ˙−
(
2H(m2pl + ξφ
2)−
6
µ2
HX + 2φ˙(ξφ− γX))Φ]∂2B − 2
a2
(
(m2pl + ξφ
2)
− X
2µ2
)
Φ∂2Ψ+ 3
(
2H(m2pl + ξφ
2)− 6
µ2
HX
+2φ˙(ξφ− γX))ΦΨ˙ + [X(K + 12γφ˙H + 18
µ2
)
−4γϕX2 − 3H2(m2pl + ξφ2)− 6Hξφφ˙
]
Φ2 +
1
a2
(
(m2pl + ξφ
2) +
X
µ2
)
(∂Ψ)2
}
. (34)
By using the above second order action, we can find the
momentum and Hamiltonian constrains as
Φ = L1Ψ˙ , (35)
where
L1 =
2m2pl + ξφ
2 − X
µ2
H
(
2m2pl + ξϕ
2 − 7 X2µ2
)
− γXϕ˙+m2plξϕϕ˙
,
(36)
and
1
a2
∂2B = 3Ψ˙− 1
a2
L1∂
2Ψ+
X
(
K+ 12γφ˙H + 18
µ2
)
− 4γφX2
− 3
µ2
HX +H(2m2pl + ξφ
2) + φ˙(m2plξφ− γX
)Φ
− 3H
2(2m2pl + ξφ
2)− 12m2plHξφφ˙
− 3
µ2
HX +H(2m2pl + ξφ
2) + φ˙(m2plξφ − γX
)Φ . (37)
By substituting the equation (35) in equation (34) and
integrating it by parts, the second order action reduces
to the following expression
S2 =
∫
dtd3xa3U
[
Ψ˙2 − c
2
s
a2
(∂Ψ)2
]
, (38)
6where
U ≡
[
2
(
m2pl + ξφ
2 − X
µ2
)2[
X
(
K+ 16γφ˙H
+
18
µ2
H2 + 4γφX
)
− 3H2(2m2pl + ξφ2)
−6m2plHξφφ˙
]]([
− 6H X
µ2
+ 2H(2m2pl + ξφ
2
+
X
µ2
) + φ˙(−2γX + 2m2plξφ)
]2)−1
+3
(
2m2pl + ξφ
2 − X
µ2
)
, (39)
and
c2s ≡
4− 2(K+(
1
µ2
)Y )(
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
)
3
[
2− 2(K+(
1
µ2
)Y )(
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
)
] . (40)
To avoid the ghosts and gradient instabilities it is re-
quired that
U > 0, c2s > 0. (41)
Actually, there are two constraints on the sound speed
of the perturbations (Ellis 2007, Quiros 2017): 1- The
squared sound speed of the perturbations (c2i with
i = s, T where T denotes the tensor part of the per-
turbations which we’ll study later) should be positive
in order to avoid the appearance of Laplacian instabil-
ities. That is, c2i > 0. 2: From the causality require-
ment, the sound speed of the perturbations should be
smaller than (at most, equal to) the local speed of light.
That means, c2i ≤ c2. Since in this paper we set c = 1,
the constraint becomes c2i ≤ 1. These constraints are
satisfied in equations (41), as we will see in the nu-
merical analysis of non-Gaussianities. The constraints
on c2s, lead to positive equilateral configuration of non-
Gaussianities and negative orthogonal configuration of
non-Gaussianities.
For convenience we define the following parameters
F = 2 +
1
m2pl
(
ξϕ2 +
X
µ2
)
, (42)
ǫs = ǫ+
ϕ˙
m2plHF
(
γX + ξϕ
)
. (43)
By these definitions, we have the relation ǫs =
Uc2s
m2
pl
F
.
Causality, Laplacian and ghost free requirements im-
pose that the right hand side of this equation to be
positive. Therefore the left hand side of the relation
should be positive too. On the other hand, H˙ > 0
means ǫ < 0. In the case of negative ǫ, to have positive
ǫs, the second term of equation (43) should be large
enough (actually larger than |ǫ|). Since this model is
an extended one, it is likely possible to find some pa-
rameter space that gives H˙ > 0. However, in this paper
we don’t look after this case.
The power spectrum of the curvature perturbations
is given by
PΨ = H
2
8π2Uc3s
. (44)
With this definition, we obtain the scalar spectral index
as
ns − 1 = d lnPΨ
d ln k
∣∣∣∣∣
csk=aH
= −4ǫ+ η − ζ +
V ′eff
(
K+( 1
µ2
)Y
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
)′
Y
(
K + ( 1
µ2
)Y +
√
(K + ( 1
µ2
)Y )2 − 4γV ′eff
)
×
[
1
2− 2(K+(
1
µ2
)Y )(
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
) −
3
4− 2(K+(
1
µ2
)Y )(
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
)
]
. (45)
Now, we consider the tensor part of the metric (33)
and expand the quadratic action for the tensor pertur-
bations as follows
ST =
∫
dtd3xa3
[Qh˙2ij − Fa2 (∂hij)2
]
, (46)
where
Q ≡ (m2pl + ξϕ2)−
X
µ2
, F ≡ 2(m2pl + ξϕ2) +
X
µ2
. (47)
The sound speed square is given by
c2T ≡
F
Q ≡
m2pl + ξϕ
2 + X
µ2
m2pl + ξϕ
2 − X
µ2
. (48)
Note that, satisfying conditions Q > 0 and c2T > 0 lead
to the ghost and Laplacian free perturbations. We note
that constraint from observation of gravitational waves
by LIGO/VIRGO opens a research area at this point.
7The power spectrum of primordial tensor perturba-
tions is given by
PT = H
2
2π2Qc3T
≃
( 1
2m2pl + 2ξϕ
2 + X
µ2
) 2H2
π2
, (49)
leading to the following tensor spectral index
nT =
d lnPT
d ln k
≃
(
V ′eff
V
)2
×(
m2pl + ξϕ
2
K + ( 1
µ2
)Y +
√
(K + ( 1
µ2
)Y )2 − 4γV ′eff
)
. (50)
The tensor-to-scalar ratio in this setup is given by
r =
PT
PΨ ≃
− 8
3
√
3
(
4− 2(K+(
1
µ2
)Y )
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
) 3
2
(
2− 2(K+(
1
µ2
)Y )
K+( 1
µ2
)Y+
√
(K+( 1
µ2
)Y )2−4γV ′
eff
) 1
2
nT . (51)
As we see, the consistency relation is modified in the
presence of Galileon effect. If we set G3 = 0, G4 =
mpl
2
and K(ϕ) = 1 in equation (51), the model recovers the
standard consistency relation r = −8nT .
By regarding this fact that for a Gaussian distri-
bution, any odd point correlation functions vanishes,
to seek for the non-Gaussian feature we should study
three point correlation function (Ohashi et al. 2013).
To this end, we expand action up to the third order in
the small perturbations. We eliminate parameter B by
using equation (35) and introduce (χ) as
B = −L1Ψ+ a
2X(
2m2pl + ξϕ
2 − X
µ2
) ,
X =
(
2(m2pl + ξ
ϕ2
2 )− Xµ2
)
B
a2
.
In this regard, we obtain the cubic action as
S3 =
∫
dtL3 , (52)
where
L3 =
∫
d3x
{
a3
Fǫs
c2s
(
−3
( 1
c2s
− 1
)
+
1
c2s
(
ǫ− ǫ˙s
Hǫs
+
ϕ˙
m2plHF
(
ξϕ− 3γX)− 6 X
m2plµ
2F
) )
m2plΨΨ˙
2
+a
(
Fǫs
( 1
c2s
− 1)+ Fǫs
c2s
(
ǫs +
ǫ˙s
Hǫs
− 2 c˙s
Hcs
+
(
1
2m2pl + ξϕ
2 + X
µ2
)
2X
µ2
))
m2plΨ(∂Ψ)
2
+a3
(
mplFǫs
Hc2s
( 1
c2s
− 1− 2Λ
Σ
)
+
1
c2s
(
γXϕ˙
m2plHF
+2
X
m2plµ
2F
− ξϕϕ˙
m2plHF
)
− 3 γXϕ˙
m2plHF
+
ξϕϕ˙
m2plHF
−2 X
m2plµ
2F
− 6c
2
s
ǫs
( γXϕ˙
m2plHF
)2 )
mplΨ˙
3 − 2a3 ǫs
c2s
Ψ˙(∂iΨ)(∂iX ) + a3
( 1
4Fm2pl
(
ǫs − 4 γXϕ˙
m2plHF
))
∂2Ψ(∂X )2 + a
(2γXϕ˙
H3
)
Ψ˙2∂2Ψ+
(
− 2
3
γXϕ˙
H3a
)
[
∂2Ψ(∂Ψ)2 −Ψ∂i∂j(∂iΨ)
]
+
a
(
2
γXϕ˙
FH2
)(
∂2Ψ∂iΨ∂iX −Ψ∂i∂j
(
∂iX )
)}
. (53)
In this equation, parameters Σ and Λ are defined as
Σ ≡
(
m2plF − 2 Xµ2
)
m4pl
[
3
(
m2plHF − γXϕ˙− 4
HX
µ2
+m2plξϕϕ˙
)2
+
(
m2plF − 2
X
µ2
)(
− 3m2plH2F +X
+12γHXϕ˙− 4γ,ϕX2 + 21H
2X
µ2
− 6m2plξHϕϕ˙
)]
, (54)
and
Λ ≡
(
2+
1
m2pl
(
ξϕ2+
X
2µ2
))2[
γHXϕ˙− 4
3
γ,ϕX
2
]
. (55)
To obtain the three point correlators, we should calcu-
late the vacuum expectation value of the curvature per-
turbations during inflation as follows (see for instance
(Maldacena 2003, Cheung et al. 2008, Seery and Lidsey
2005))
〈Ψ(k1)Ψ(k2)Ψ(k3)〉 =
−i
∫ τf
τi
dτa〈0|[Ψ(0,k1)Ψ(0,k2)Ψ(0,k3),Hint(τ)]|0〉 , (56)
8where interacting Hamiltonian is Hint = −L3. We can
assume that the dimensionless coefficient of each con-
tribution in the third order action can be treated as
a constant because of the slow varying of those coef-
ficients during the inflation epoch. In this respect, by
solving the integral (56) we get
〈Ψk1Ψk2Ψk3〉 = (2π)3δ(k1 + k2 + k3)BΨ(k1, k2, k3) ,
(57)
with
BΨ =
(2π)4
4
∏3
i=1 k
3
i
(PΨ)2AΨ(k1, k2, k3) . (58)
The resulting bispectrum is achieved by considering
that the additional shape functions can be defined by
using other shape functions (mentioned in (Renaux-
Petel 2012, De Felice and Tsujikawa 2013)) in the Horn-
deski’s theories, which can be written as
AΨ(k1, k2, k3) =
{
3
2
(
1
c2s
− 1− 2Λ
Σ
+
6
ǫs
( γXϕ˙
m2plHF
)
− 6
c2s
( γXϕ˙
m2plHFǫs
))(∏3
i=1 k
2
i
)
K3
+
(
3
4
( 1
c2s
− 1
))
(
2
K
∑
i>j
k2i k
2
j −
1
K
∑
i6=j
k2i k
3
j
)
+
1
8
( 1
c2s
− 1
)
(∑
i
k3i +
4
K
∑
i>j
k2i k
2
j −
2
K2
∑
i6=j
k2i k
3
j
)}
. (59)
The follwing parameter gives the amplitude of the non-
Gaussianity
fNL =
10
3
AΨ
Σ3i=1k
3
i
. (60)
Following Refs. (Renaux-Petel 2012, De Felice and Tsu-
jikawa 2013) we introduce the following shapes
Sequil∗ =
18
13
[
3
(
2
K
∑
i>j
k2i k
2
j −
1
K
∑
i6=j
k2i k
3
j
)
−
(∑
i
k3i +
4
K
∑
i>j
k2i k
2
j −
2
K2
∑
i6=j
k2i k
3
j
)]
−216
13
(∏3
i=1 k
2
i
K3
)
, (61)
and
Sortho∗ =
12
14− 13β
[(
3− 9
2
β
)(
2
K
∑
i>j
k2i k
2
j −
1
K
∑
i6=j
k2i k
3
j
)
+
(3
2
β − 1
)(∑
i
k3i +
4
K
∑
i>j
k2i k
2
j −
2
K2
∑
i6=j
k2i k
3
j
)
+18β
(∏3
i=1 k
2
i
)
K3
]
, (62)
which are orthogonal. Now, we rewrite equation (59)
in terms of Sequil∗ and Sortho∗ (Renaux-Petel 2012) as
AΨ = a1Sequil∗ + a2Sortho∗ , (63)
where
a1 =
13
12
[
1
24
(
1− 1
c2s
)
(2 + 3β) +
Λ
12Σ
(2− 3β)−
1
6ǫs
(
γXϕ˙
m2plHF
)
(2− 3β) + 1
3ǫsc2s
(
γXϕ˙
m2plHF
)]
, (64)
and
a2 =
14− 13β
12
[
1
8
(
1− 1
c2s
)
− Λ
4Σ
+
1
2ǫs
(
γXϕ˙
m2plHF
)]
.
(65)
We can obtain the amplitudes of the non-Gaussianity
in the equilateral and orthogonal configurations from
equations (60)-(62) as follows
fequilNL =
(
130
36
∑3
i=1 k
3
i
)[
1
24
(
1− 1
c2s
)
(2 + 3β)
+
Λ
12Σ
(2 − 3β)− 1
6ǫs
(
γXϕ˙
m2plHF
)
(2− 3β)
+
1
3ǫsc2s
(
γXϕ˙
m2plHF
)]
Sequil∗ , (66)
forthoNL =
(
140− 130β
36
∑3
i=1 k
3
i
)[
1
8
(
1− 1
c2s
)
− Λ
4Σ
+
1
2ǫs
(
γXϕ˙
m2plHF
)]
Sortho∗ . (67)
Considering that at k1 = k2 = k3 limit, both the
equilateral and orthogonal configurations have a maxi-
mal signal, we obtain the non-linear parameters in this
9limit. The results are as
fequilNL =
325
18
[
1
24
(
1− 1
c2s
)
(2 + 3β) +
Λ
12Σ
(2− 3β)
− 1
6ǫs
(
γXϕ˙
m2plHF
)
(2− 3β) + 1
3ǫsc2s
(
γXϕ˙
m2plHF
)]
, (68)
and
forthoNL =
10
9
(65
4
β +
7
6
)[1
8
(
1− 1
c2s
)
− Λ
4Σ
+
1
2ǫs
(
γXϕ˙
m2plHF
)]
. (69)
After calculation of perturbations and possible non-
Gaussianity of these perturbations we compare our re-
sults with observations in the next section.
5 Confrontation with Observational Data
In this section we perform a numerical analysis on the
parameter space of our generalized G-inflation model
and compare the results with Planck2015 observational
data. To this end, we adopt a potential as V = λ4ϕ
4 and
we setK = 1 and γ(ϕ) = ϕ/M4. To perform the numer-
ical analysis we assumeM ≃ 10−5mpl, µ ≃ 3×10−8mpl
and N = 60. Now, by solving the integral of equa-
tion (30), we obtain the value of the Higgs field at the
horizon crossing of the physical scales. After that, by
using this obtained value we can find the scalar spec-
tral index, tensor-to-scalar ratio and the amplitudes of
the equilateral and the orthogonal configurations of the
non-Gaussianity in terms of N , λ and ξ. Then, we
analyze the model parameter space numerically. The
results are shown in figures.
Figure 1 shows the ranges of the self-coupling pa-
rameter of the Higgs field, λ, and the non-minimal cou-
pling parameter, ξ, that lead to the observationally vi-
able values of the scalar spectral index and tensor-to-
scalar ratio. In plotting the figures we have focused
on λ < 10−6 and ξ < 2 × 102. Figure shows that,
as ξ increases the smaller values of λ are observation-
ally viable. In figure 2 we have plotted the tensor-
to-scalar ratio versus the scalar spectral index in the
background of Planck2015 TT, TE, EE+lowP data.
To plot this figure, we have adopted three sample val-
ues of the non-minimal coupling parameter as ξ = 50,
ξ = 80 and ξ = 100. Our numerical analysis shows that
this generalized G-inflation model is consistent with
Planck2015 data if 10−7 ≤ λ ≤ 2 × 10−6 for ξ = 50,
10−7 ≤ λ ≤ 5×10−6 for ξ = 80 and 10−7 ≤ λ ≤ 7×10−6
for ξ = 100. Note that the presence of the Galileon-
like interaction and the NMC effect in this model cause
a reduction of the tensor-to-scalar ratio in comparison
to the standard situation. We have also studied the
amplitudes of the non-Gaussianity in both the equi-
lateral and orthogonal configurations numerically. The
results are shown in figures 3 and 4. We have analyzed
fequilNL and f
ortho
NL in the ranges of the parameters used
in studying r and ns. Figures 3 and 4 show that in
the ranges λ < 10−6 and ξ < 2 × 102, both equilateral
and orthogonal non-Gaussianities are consistent with
Planck2015 TTT, EEE, TTE and EET data. As these
figures show, in this generalized G-inflation model, it
is possible to have large non-Gaussianity in some sub-
spaces of the model parameter space. From our analysis
we can say that if we consider a generalized G-inflation
model, depending on the values of ξ, it is possible to
have λ < 10−6 (specially, λ ∼ 10−13 which is well in
the range of CMB result (Liddle and Lyth 2000)). This
means that, if we adopt smaller values of ξ, it is pos-
sible to reduce the self-coupling of the Higgs sector in
order to reach the energy scale of inflation in this setup.
This is an important results since it provides a possible
mechanism for reduction of the Higgs self-coupling as
an inflaton.
6 Summary
In this paper we have studied the cosmological inflation
in a generalized G-inflation model. We have studied the
effects of the Galileon interaction and the non-minimal
coupling on the energy scale of the Higgs inflation. In
this regard we have adopted the non-minimal coupling
function as ξϕ2 and other functions as V = λ4ϕ
4, K = 1
and γ(ϕ) = ϕ
M4
. We have obtained the background dy-
namics and then we have treated the perturbations in
this generalized setup in details. By expanding the ac-
tion up to the second order, we have obtained the scalar
and tensor spectral indices and tensor-to-scalar ratio
in this generalized G-inflation model. In this respect,
we have shown that the presence of the Galileon effect
modifies the consistency relation. By calculating the
cubic action and the three point correlation function,
we have studied the non-Gaussian feature of perturba-
tions in this setup. We have also obtained the non-
linear parameters in both equilateral and orthogonal
configurations of the non-Gaussianity at k1 = k2 = k3
limit. Finally, we have performed a numerical anal-
ysis on the model’s parameter space to obtain some
constraints on the parameters. We have studied ns,
r, fequilNL and f
ortho
NL numerically. Our numerical analy-
sis shows that if we consider the non-minimal coupling
10
Fig. 1 Ranges of λ and ξ leading to the observationally viable values of the scalar spectral index (left panel) and the
tensor-to-scalar ratio (right panel) for a generalized Higgs Galileon model. We note that consistency with observations in
this generalized model requires enhancement of λ.
Fig. 2 Tensor-to-scalar ratio versus the scalar spectral index for a generalized Higgs model, in the background of Planck2015
TT, TE, EE+lowP data. The figure is plotted with N=60.
11
Fig. 3 Ranges of λ and ξ leading to observationally viable values of the amplitudes of the equilateral (left panel) and
orthogonal (right panel) configurations of the non-Gaussianity for a generalized Higgs inflation model. In both panels all
the adopted ranges are consistent with Planck 2015 observational data.
Fig. 4 Amplitude of the orthogonal configuration of the non-Gaussianity versus the amplitude of the equilateral config-
uration for a generalized Higgs inflation in the background of Planck2015 TTT, EEE, TTE and EET data. The figure is
plotted with N=60. Note that the diagrams for all three values of the non-minimal coupling are too close to be distinguished
from each other in this figure.
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and Galileon-like interactions, it is possible to control
the values of the self-coupling parameter λ. Actually,
in this extended model, depending on the values of the
non-minimal coupling, we were able to reduce the val-
ues of λ from interval 0.11 < λ < 0.27 to λ < 10−6.
In fact, if we adopt smaller values of ξ, it is possible
to reduce the energy scale (self-coupling) of the Higgs
sector in order to reach the energy scale of inflation
(λ ∼ 10−13) in this setup. Therefore, by reducing the
order of λ and approaching the energy scale of the in-
flation era, the Higgs field can be considered to be an
inflaton.
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